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This  paper  provides a system cwerl’iew  of a umv \lars rolw

])lototy~)c,  Rocky 7. 1$’e dcscrilm a l l  systctll  i~sI)~rts: rt~(>-

clianlcal  aud e l e c t r i c a l  design, compute]  au(l  wf’tw  are i]l -

frastructurc,  a lgor i thms for mvi~atiou  mid lIl:ll~i])lllatiO1~.
science data ,acqulsitl on, aud out (loor rover tinting 111 (’ach

area. the improved or adckci funct, iouality  is e.x~)ktind ill a
col~text  of  i ts  path to f l ight ,  ard within the coltstraiuts  o f

df’sired  SClf!liCf’  INkSbllS.

1 Introduction

In 1996,  XASA laumhecl the fkst of a series of spacecraft
to revisit the plauet Liars. T h i s  Pathfindrri  Iandor colL-
tains the ‘Sojourner) microlover  flight cx~writueut.  all 11.3
kg six-wlmlrd  mobile  robot which will vetttllte out flmltl the

lauffeu,  taking picturw and positioning a sci(, ncf, itwtrut[mllt

agai[~st  cfcs~gnated  s o i l  :LUd IOC!++.

Subsequcut  to this missiori. there afc I~laxM t o  returu to

the surf arc of Mars every 26 months through 2005. It is
aI\tici I)atd that Sojourx\c,  r will dmnonstratc  th(,  vial]  ility Clf

Inol)ilc  robot mploratiou of Mars, and longer range  surface

t r a v e r s a l s  ~vitlt Inorc iltstrlllll(’lltati(J1l  will I)c desirable in

the fol low-on missiolm.  Tllmcforc, we arc itlvcsti~ating uext

gellf,rattoll  r o v e r s  \vitli II]otc xtlol)ilitv, autollollly, a u d  fllllC-

tiomlity.

R e c e n t l y  }ve have complf’terl construct  lorl :111(1  derttow

sttation  of  a  Ikew, IJ1ototy  J>ei I{ocky  7, a s  show! il~ FIg-
111{, 1. CkH,l]Mrcd  t o  Its l,redecrss(~ts. tl~is r[iw~om}w  fca-

t urm [6]:

●

●

●

●

●

●

●

Alodern coulputer  systettl with real-t it[~(, op(’rat(n~ svste]n

R(coufiSural)k’  software dwelc)prwl]t erlvilonlneut

Bi-directiold stereo visio]l  nav iga t ion
\Iirli-lll;lrl]I)lllatc)r  f o r  sal[l~,lf’  :Icqllisltiotl ar!(l  lwintiu~ IJf

iuteg, ratd sciel]cc  irwtrutnfwts

Ijess  loco[itotion actuators for n~ass an(l  mlill)lrxity  t(dtlc-

tio]l

I’Oilltitl)l(’ solar ariav for p,[(,ilt(,l  lJ(,wTI (ollwtion
Ck)ttll,araldc low lu+iss  and si~e

ti(lu  2 TVC dcwlih’ sl>f?cificatlons  aud coustructiot~  of the ve-

Ili(lc and its nmiipulator.  %ctiou 3 provides a similar level

of (Ietail descrit)iug  the cotwtituent  computer ,  sensors ,  ac-

t uators, arid  custom f’lf’ctrcmics.  l’hf’ so f tware  a rch i t ec tu re

arLd algorit}l]tts  for uavi@i  on, lnauiIJulatiol(,  atld Imion,  ard

~)resel~ted ill Sccti(Jt~  -4. 1[[ %ctior( 5, ~ve discuss the scirnc~

data ~atlimitlg  capabilities of the rover, and prmrut s o m e

Itwa.surmlerlts  obtained with it. F’iually,  Section 6 descrihs

our construction of a \lars-like  outdoor test area,  ancl iuitial

rover test cot(ductd iu it.

2 Mechanical Design

:1s shown  ill ‘Iht)le  1,  Rocky 7 is a~)proxiumtely  the s a m e

size  and mass as Sojour]lm. It also has the same number

of (lc~recs-of-free(  lc]lll  (l) OFs), but Ivith more functionality.

Fig{lrc  1 Rock,}  7 .
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Ili,nensions  ( c m )
w,hecl  diameter
chassis volume
arnl  rcack
ground clearalm

Mass Total (kg)
seusors
computer system
nlotors
structure
batteties
solar pauel  (optioual)

P o w e r  R e q u i r e m e n t s  (W)
computer system
serlsors
niotors  (uomiual)
power cooditioniug

Max S p e e d  (cm/sj

61 X29X31

41
13

,:27 x 15
33
16

11.5

Table 1: Rocky  7 specifications
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Figure 2: Rocky 7 top ar[d  side  {,iett.s.

Figures 2 (a) and (b) show how this is accompiisl,cd  by a UCIV

WhCCl col~figuration, and an integrated l(litli-rflarli  i~lll:ltc)l.

Like  %journw Rocky 7 employs a rocker- bogie  six !vhfwl

co[ifiguration  [2]. Hwve;,cr, u~llitie its ~jrcdecessors  witli four

CO1ll[,l  stCWillg,  lk)r”k~  7  C)UIJ’  hfLS Stf(’r’jlig C~~)d)l\jt.!’  011 t\VO

corlle[s, dl ivitlg  like a car or fork-lift.  Also,  tllc \vliccls  o])

e:ich  locker h a v e  lwen ~ncjvcd  close  togctl~er. \\~liilr ~L~jt

great ly rcdocing its steI~ clirtll)it(g  capal)ility (aplmximately

1 . 5  }vhccl dialueters ),  this col,figuratio*L  c r e a t e s  the *mssi-
bility o f  m e c h a n i c a l l y  o r  elcctlically  coIkttollilig tl:che tlvo

W)l(’Ck together. 111 this Wly,  the Ullllll]cr  of l)OFS for Illo-

2

t)ility has  Lwetl reduced froln ten to six.  The cost  of this

(’lLiL[l~C is an inabi[ity to turu in place about the center of

the vf~hic]e,  as  Ivit h four corner steering, Imtcarl.  the nOnl-

il~al rotation axis for Rocky 7 is located mid-way between

the double  wheel  pairs. (Tank strwring can be used to ap-

proximate turn in place operations. but the extensive wheel

slil)~)agc corrupts odometer in forrnatiou,  and causes the Ve-

tlicle  to sink into soft soils like  those expected on Mars.)

The four DOFs saved with the Imw wheel  conf igu ra t ion

l~ave bce[l  used for a ulaliipulator  that  can sample soil  or

rocks, and point or bury science instruments. This small

arm has a tivo DOF shoulder that  can store i t  across the

front of the chassis, reach down to 10 cm below the surface,
or move in a coliical fashion in front of the vehicle to point

an iutcgrated  spectrometer. ‘The tmd-dfector  of the arm has

tww independently drivat)le  scoops. which can rotate ccmtirl-

uous]y.  In this way,  they cau be po;iticmcd  as a clamshell to

scoo~)  and store soil samples, or hack to back to form a paral-

lel jaw gripper Ivitb  side tongs allowing rock and cylindrical

illstrume!lt grasi)illg. .ilso, wheI1  r o t a t ed  t oge the r  t h rough

,3600,  they deploy a white target storecl  in the fork of the

rIId efl’cctur.  This target is  used for calibrating a buil t- in

s~j[,ctloltleter,

Figure 10 shows holv the optical path for this point spcc-

t[orneter  is integrated into the eud-effecter. One scoop r o -
tates on a hub that is partially recessed inside the hub of

the other  scoop.  t?ach  hub has a SHldl bole in it. For one

relative angle betlveexl  the scoops, the holes align and opeu

WI aperture.  Iuside  the hub of the scoops, is a mirror at
’15° tilt, deflcctirlg the ligl)t to a]]ot})er  milror at one end of
ttie rotation axis of the scool)s.  This seco:Ld Illirror  deflects

ligt~t into a fil)er,  aud back to a s~,ectrometer  in the chassis.

T h e  spcctrolneter  light path. as  well  as motor wiriug

~vithout  service loops, is enabled by a new joint desigll  cre-

ated for  Rocky 7 [10]. In addition  to ha~,ing  a cylindrical

o~)enillg  aloug the a x i s  o f  r o t a t i o n ,  t h i s  desigtl  is a IIOU-

tmrkdrivable. high torque, right al~glc gearbox. It hm been
used C)XI all four arlll joints, w VTll as the t~vo  steering joitits

of the vehicle,

The last I)()}i of Rocky 7 cau l~e uwd for poiutable solar

lmnel. Instea(l  o f  tl~e f i a t ,  fixed  s o l a r  panel  used b y  So-

joorltet, I{ocky  7 cl[l~,loys  a vetsion  which is t i l ted to the

a v e r a g e  suu al~gle  in the sky.  II( rnediunl  to high latitude
IJlissimls  with cleal.  skies, a Iovel  OIL Mars will r~rwf to tlack

;lLe SUIL to at)sorl)  :Imre  l i gh t  by  i t s  s o l a r  p a n e l .  }\re uti-

li~c a single  I)OF I)au[,l  to dmoolwt:ate  this (:a])al)i[ity w i t h

Ioinir[lal added conl~)kxity  to the systeln.

3  Illcctrical Design

‘1’11[’ illtC1llitl  arral~gelucnt  o f  tt~c electr ical  sol)systems  of

I{ocky  7 is SILOJVU  in Figure 2 (a). Tl~e components of  the

colriputw  systen~l, m~figatiou  scz KOIs,  and cllsto[l[  elect rori -

ics a r e  df’tailed  il~ l’a}~h,s  2,  3,  ;irld 4 . ‘rt~cir  powr re-
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Table 2: Rock~’ 7 computer system

ltcul
Camera
Accelerometer
Angular Rate
SUII }’osit ion
Spwtl-ometer
laser Pointer’
hfotor/Enc
kfator/I;nc
Fan

Vendor __
Super Circuits
Lucas  Schacvitz
Systron  Dontler
],ockheed  L’lartill
Oceau  Optics
SD]’
.Nfaxou
k4icloL40
VIicronel

Model
‘ - - ” 1

-  <:ornment
PC-81’ 4, 120° fov
I,shf I’-2

1.
3, 429

QRSll * 100”/s
\+’ASS p r o t o t y p e

Slooo 360-850 rim
743’2-P2 680 [Lrtl
RE02.5 6, wheels
1219,1331 4, arm/steer
F621/\fOO 9

Table 3: Rocky  7’ actuators aod semors

Ei”!dE:i4:2cl$ii;5:.
Table 4: F{or-ky  7 custom elcctrortics.

quirernents are outlillerl iu l’at)k 1. It is apparent  that  the
cc,mprrter  system is the largest user of power aud space. lhc
selrxt ion of this system was  govmnecl  the desiw for speed ia
both developlneut  arid experimentation with the rover. For
development purposes we rlesjired  commercial off-the-shelf
(curs)  hardware,  and a cclmulercial hard-real- t ime opm-

atiag,  system (~$rl ND Rl\r E1l SYSI’Ehl S’ \“rIt~ofks7’~’).  r)oth
have a direct path to flight iu a IINV low l)[)\rer/vol(lrt]e/r[lilss

AdYaI~ced Flight Computer  (A F(2) systertl  lwir,g  d e v e l o p e d

at  JI’1,  [1]. For  ex~)erir[ler(tatiorl, }Ii,gller col]lIjutaticJ1l  rates

(aud thus greater power consumption) are desirat]le to f’li-
able more efficient use of the researchers’ t,illlc.

The s e n s o r  s u i t e  o f  R o c k y  7 is a sll~]crsct  of thow ori

Sojourner .  The accelerometer  and ar~g,ular  rate seusors  are
e x a c t  c o p i e s .  T h e  m o t o r  el~co[lers  arc sir[lilar.  ‘The CCD

caroerm  are COTS p r o d u c t s ,  iustead  of  the custonl o~tes
used on Sojourller.  T’hese  ite~lw also have a rie~v flight courl-

ter~)art  that  is  urlder cleveloprl~cmt,  f o r  f u t u r e  zr[issioris  tl~e

.4ctive I’ixel  Sermr [5]. Similarly. t h e  sl)rctrorlietcr  is all

COTS iristrumeut ir,tegratecl  f o r  dcrlloustratioli purl, oses.
I’ligl]t  courlterparts  are heirlg  dcvelol~ed  by several sricatific

tearr]s  interested in I)ar ticipatilip,  in future Inissioris.  lllc sun
~~ositioll  scrlsor  i s  a  I)rototypc t~lat  IL:LS I]cerl d(,velol)ed  fol

Rocky 7  hy LocklIcd  NJartirl. Its additior~  providw  a rlew
cal)ability  for Liars Ioicrorovers:  al~solutc hca(lillg  ]lleasure-

Figure 3: RockJ  7 “Navigatiori”  state roachirlc.

mcnt,  replaciug  the estiruatioa  aomirlally  dose via irltegra-
t iou of the augular rate seasor signal

Rocky  7’s custoln  electronics perfcmro  power distribution
al~d coui’ersiou,  motor cor~trol,  and video sigr~al sekctioa.
The power conversion cortlponents  are COTS and have flight
counterparts. The variable speed ~notor controllers provide
au irtlprovcrnmt  otw the switched pcllrer baug-barlg  control
usccl by Sojourrlrr.  For e x a m p l e ,  Rocky  7 caI~ move  auy
irlcrerllent iu distarlce arid turn without slippage about any
radius. Potential flight use of these COTS  lr~otor controllers
is hcirlg  ex~)lored,  as well a.s factional replacelneat  of them

by Field Prograll~loallle  C;ate  .4rrays  (FPC+A)  a v a i l a b l e  o n
t h e  .41W. Irideo selectiou  circui try is  required oa Rocky 7

because of the multiple sets of aaaiog stereo caroera.$,  but
\viIl riot  be needed  with digital A} ’S-basecl  calaeras.  Fiaally,

rechargeat)le  COTS Nicacl hatter ies are used to supplement
or fully rel]lace solar power on Rocky  7, due to cleymdability
illl(l  the extra power rrquireruellts  of the cotnptrter  system.

4 S o f t w a r e

4. I Architecture

l{ocky 7’s software a[chitectare  is based on the framework
},rovidcd  l)y 1{1~[, 1’[s[1 INNOVATION’S c’071tr’rdshr’1 17’”
arid ArI)DS7’~[ [11]. Control Shell  facilitates the Creatiolt
o f  W + soft!vare ltlodrrles Ivhich are couuectcd  iato  asyn-
chronous  finite state ~nachi]ics, aUd synchrolious  data-flow
corltrol 100JN NDI)S  is a Net\rork  Data Delivery Systero,
~vhich  el~ablm Co:[lrrl{lliicatiorls between  Co7itrol Shell p r o -
cesses, as well as srl)arate user a})~~licatiorls.

Irl l{ocky 7, asyr~cl~rorlous  activities are iaitiated  by a
tlllcuc o f  O[)elatf)l cor[lr[lalL(ls. Or(-hoarc[  tl~e rover, these
rornrliar~ds  cause state trarl sitions  irl orle of three state llla-
chilleh: Nritvigatiori,  trlsiori) and Nfariipulatiori.  For exar!ll)le,
Fisurc  3 SIIOWS the Navigatiorl state laachiae.  Eac}L state
t ral~sit,i(ltl r ur(s t}te cxecutiort Illethod ir) tile C++ object la-



L ,

L ,

e.. - .4. ”.-  -“..,  *.,  ..<. —w%..  ~m..!  ““.,.W  -ti,  p.. -

,

I

.,, ,., .... . ,,. . . ,“O”. >..,.

S.! M, W.... ,

Figure 4: Rocky 7 “Vehicle State” data ffo\v graph

Figure 5: Selecting ~vay-~,oint.s  TUith GC7’1,.

Ming,  the transition arrow. State mactlille trat~sitions are
often used to iwgiu the executiox~  of syuchrouous  ljrocrwcs
w h i c h  pexform niouitoriug  aud colktrol of th~, I{mw’s sub-
systmns. For instauce,  Figure 4 shows a ciata flow graph
useci to contlgute  Rocky 7 for lncasurit~g ti~e vci~icle  state.

4.2 Operator Interface

GCH’1,, our’ “ground Contr’oi” o p e r a t o r  iutrrfacc  softtvarw,
cual)ics  tlic creation of a task queue fclr the rover,  allci se[~ds
tile comuiands  one at a titlie as each pre},iol]s colulnaiici is
colul)lcted  successfuiiy, JVhiic rmtultmlkds mist  for  act iv i -
ties of muuiljuiatiou  and visiol~, typical task queues cousist
Iargciy of way-point  commands  for navigation. ‘1’o Cleatc
a list of way-points, a gral)hicai  user illtcrfacc  euablcs  tlic
user to select thlee  ciimensional poiuts  via interactive stereo

1 .

2.

3 .

4 .

5 .

LOCALIZATION
measure global rover position from lander
WAY-POINT
set new reference position from task queue
TURN-TO-GOAL
if posit ion error is  small

goto 1
else

turn in place toward goal
OBSTACLE-DETECT
measure terrain in front  of  rover
TURN-IN-PLACE
i f  o b s t a c l e s  c e n t e r  o r  l e f t  a n d  r i g h t

t u r n  n o m i n a l  r o t a t i o n  r i g h t

go t o  4

i f  o b s t a c l e s  l e f t / r i g h t

i f  p r e v i o u s  o b s t a c l e  r i g h t / l e f t

t u r n  h a l f  n o m i n a l  r o t a t i o n  r i g h t / l e f t

g o t o  6

e l s e

t u r n  n o m i n a l  r o t a t i o n  xight/left

goto 4

6. THREAD-THE-NEEDLE
if obstacles center

move total alley length straight backward
goto 4

e l s e  i f  o b s t a c l e s  l e f t  o r  r i g h t

m o v e  n o m i n a l  t r a n s l a t i o n  s t r a i g h t  f o r w a r d

i n c r e m e n t  t o t a l  a l l e y  l e n g t h

o b s t a c l e  _detect

g o t o  6

e l s e  i f  o b s t a c l e s  c l e a r

m o v e  n o m i n a l  t r a n s l a t i o n  s t r a i g h t  f o r w a r d

go t o  4

7. LOOP-TO-GOAL

i f  o r i e n t a t i o n  e r r o r  i s  s m a l l

m o v e  n o m i n a l  t r a n s l a t i o n  s t r a i g h t  f o r w a r d

e l s e  i f  o r i e n t a t i o n  e r r o r  i s  m e d i u m

s e t  t u r n  r a d i u s  t o  l a r g e

m o v e  n o m i n a l  t r a n s l a t i o n  f o r w a r d

e l s e  i f  o r i e n t a t i o n  e r r o r  i s  l a r g e

i f  p o s i t i o n  e r r o r  i s  m e d i u m

g o t o  3

e l s e

s e t  t u r n  r a d i u s  t o  s m a l l

m o v e  n o m i n a l  t r a n s l a t i o n  f o r w a r d

goto 4

F i g u r e  6: RrAy3 Ilavigation  aip,orithm.

ct)rre[iltio!l  of a pair Of iatldcr  iu~agcs,  as shown Figure ~

4.3 Navigat ion

OuC, at a tirl~e,  tvtly-poi[lts areprovideci  to RcKky 7, which
clIl~)lc]ystll(’ILocky3  navigation aigorithm  to navigate to the
(imiteci iocatio[l  [7]. liiis algorithlrl  is olltiir]eci  in Figure 6.

‘1’lie curreut I)aralriet,cr  l,alues  fol t h i s  a l g o r i t h m  a r e  giveu

irl T’aijle 5.
Stel) 1, iocaiizatioll,  i s  Ilccessary t o  upciatc the r o v e r ’ s

srIlsc o f  i t s  I)ositio[i  iti tlte el~virotlruerlt  al-ounci  the larlciel.

4



f=--=–-:+=%=]nonllllal  translatlorl

Ilomina[ rotation

small oricllt atiOn  error

medium orientation er[or
large oricrltation  error
small posit iof) error
nlediuru positiou error
large position er[of

0 . 5 r-ad

0 . 0 < 0 . 2 rad

0.2< 1.0 rad

> 1.0 rad

0.0<0.’25 111
0.25<  1.5 rll

> 1.5 111— — — — . — . — .

Table 5: Rock-v 7 navigation  parararters.

(a) . ,,’

small large
radius radius

b straight

(b)

Figure 7: Rocky  7 navigation: (a) threacliog the needle,
(b) k,op  to goal.

This value cau accumulate errcm iu betwecu  updates due
to ~vhecl slippage ancl augular rate sensor clrift.  tVhfmas
Sojouruer  employs rnauual estimation of the rover’s posi-
tiotl aud orieatatiou  by au Earth-basecl operator,  w cml-
pIOV automatic  localization  by viewiIw a colored-cylilld~r ou
Rocky  7 [12]. Further, to euable operations outside of view
of the lauder and allow the use of the poiutable  solar parml,
we are upgradirlg tbc  localization rncthod to obtalu  tile ~]o-
sitioa  and orientation of the rover  from a radio beacou  aud
suu seusor.

Steps 2 and 3 are self-explanatory. Step J, is described
iri the next sectiom

Step .5, describes how the rover will iamemcwtally  turu
iu place searchiug for a cleal path, after havir~g cwcountc’rcd
all obstacle. A clear path is dcfirmcl  as aa obstacle  free path
wider thau the  turning  circle of the vchick.  I1owwr. i[l
some tcc’rai us, this defluitic~n  cart be C)\r Cr restrictive Fig-

ure 7 (a) illustrates the situatiotl  of two  obstacles bct~rccn

lv}lictl the t,chicle  c a u  ctrivf~, altl~ough  they ale withirl  the

turlliug  circle. T h e  r o v e r  i s  the rcctanglr,  the ~ircle  is its

turnir~g  envelope,  and the trialglc is its sensiug  crlvrlopc.

Iu its iuitial orieatatiou  (solicl liues),  t h e  r o v e r  w i l l  d e t e c t
.an ol)stacle in the left shaded regiou. It the])  t,ul n.s illcrclllcll-

tally right (dashecl  liucs) auci detects auother  obstacle in the

I igl~t shaded regiorl. Ia t h i s  c a s e ,  the rc)\,er \\,ill re:ucnlbcr

its current state, turll halfway back to  tl~c left attclnlltiug

to ‘(thread  the acwclle”.

Step 6 clcwcribcs the prc,cedure  for threading ttlr’ Ileccllc.

T h e  main coliceru in this ploccdurc  is that the rover wi l l

el~ter  a dead-cud alley. Siucc the rover is mr~sidcrccl to k
iu the alley as Ioug as obstacles rcrnairl  to the irllulcdiat~ left
or right, the turn in place ~)roceclurc is not possit)lc. T’hcrw

Figure 8: Rocky  7 stereo  vision processing step results:
(’a) irilagc pair (b) disparity.!,  (c) ek},ation  maj), (cl) obstacle
Ctctwtion.

fore,  if au obstacle is evmtually  detected straight aheacl, the
rover retreats the entire remembered lcugth  of the alley aucl
rcsuuics  its cmigiual turu iu place operations f[om  Step 5,
also remembering how far it hacl turaed  aud ia which c[irec.-
ticju.

Step 7, loop to the goal, goverrls the steering of the ro}w
wl~en  clear of obstacles. After clearirlg aa obstacle, the rover
does not turn to face the goat, but rather moves iu au arc
toward it. This prevcvlts  the situatiou  of turning away from
an obstacle ia au avoidance move, aud theu turaing  back
toward it iu au attetapt  to drive to the goal. The  radius
c)f the arc is governed  by the headirlg error of the rover, as
stlowcIL irl F’lp,  ore 7 (b):  a  sInall radius  arc f o r  l a r g e  error,

large radius for rtwdiua~  error, and no turn for small error.
Ilo\vcver,  for SOU)C  cfistauces to the goal the smallest ractius

a r c  may aot be small erlorrgh,  aucl  t h e  r o v e r  w i l l  begirt  to
c)rhit  the goal. ‘I’o preverlt  this, the rolwr will turu to face

ttw goal whea Ivithir]  a rllecliuul  distauce  error from it.

4.4 Stereo Vision

Rocky 7 has C2Ll[lC’la  pails m’ith ~ CUI baseiiucs  at t)oth ends
o f  tt~t, vcllic lo, ctlat)l ill: b i - d i r e c t i o n a l  clrivi21~ w,ith stereo

visioo ol)stack  avc)ida]icc. Figure 8 sho!vs the processirlg
stc~)s of ttlis strategy [8].

The  iluage ~,air in Figure S(a) shows a rock fielcl lvith a
plornincwt  ol)stacle  iu frout of the rover. Usius  a camera
tnodel  drvclo]wd  by off-liue  calihlationl  these  images a r e
lvarlml  tc} rctnove the Iaclial d is tort ion .  The  rcsultiug  rcc-
tifird irnagcs are suitat)le for fulthct ploccssiag for obstacle
CIetcctioa

I’yrarnid  ilrlagc processing results iu left aud right baud-
])ass filtered, lo~v-rcsolutiol~ images. LJsilig ttms? ~)rocc’sscd

iulagc pairs, Figure 8(1J) shows the integer value dis~)aritics
col[l~)uted wsiug a correlation lviudow.  Subpixcl  clisparitics
aro ttleI~ cou~~~utc(l  for l\ig}k-col~flcl(’llcc  dispal  ity values aucl
I)rocesscd usius tl~c ca[llcra  r[loclel  to get tt~c clevatiol~ rlla~,
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Figure 9: Rocky 7 manipulation gco]optry.

in Figure  8(c). Bright areas indicate high spots, clarli awas
indicate low areas or lo~v-confidence regions.

The elevation map is analyzed fcm abrul)t  changes in
height or high-centering hazards. Figure S(d) indicates a
region where the rover is not able to traverse. The final re-
sult of the processing is passed to the navigation aigorithtu
as a fuzzy  classification of the region position: lcfL, right,
or center. As incficatecl previously by Figure 6, the central

region is defined M the width of the vehicle cxteliding  out
to 5fI cm. The left and right regious arc from either side of
the centl-al region to the edge of the field of view.

4.5 Kinematic Models

‘To move Rocky  7, we moclel the rover as a planar four ~vhcel
vehicle, ignoring rocker -bogie  positions. Then, the liine[l~at-
ics for Ackerman steering are employed [4]. Driviug  ~vith the
steering wheels iu the frorlt or rear is allowed.

Fcrt ll]alli~)rrlatiol~  t h e  kine:natics are descril)ed l)y F i g -

ure 9: The vehicle center is at c, facing direction v ~vitb
z u~). The goal j)oint and approach vector are given as g
and a It is necessary to solve for the required rotatiol~ and
displacement of the vehicle, o and r, at~d the arln angles
19 = [~, 0, a]~.

The approach position is at p alo[ig a vector s from tl~e
shoulder:

P
= ‘++=-’]

(1)

s= q -- p (2)

I)ue to its littlited  degrees of fl redom,  the arxn I(lust be
alig[~ed  within the plane colltaillirlg  s altd g, by rotatilig
ar~{l translating the rover (gcr~e  rating only rotatio:i  atmot
I)oi,lt cl):

a= Ccl S-’(v ~) (3)
~ = Ic -- qlcl (4)

TI~e unit vector in the direction of the p]ojcctiorl  of the goal
~jolllt  o:ito  s is:

;l=:x(:xa) (5)

lo orient the arm of length I. in the ])lauc of the approach
vector and reach the g,oal, the desired atlgles of the ttvo

Figure 10: Rocky  7 sjtectrometer pointiog.

sl~ou[dcr joints are:

P= sil,-l ([2x al) (6)

O = sir~-] [’):+9 (7)

l’herefore,  the alignment  of the scoops along the approach
vector is:

a=cos-’(a. s)--o (8)

It is also necessary to move the vehicle to bring the goal
\vitklit~  reac}i:

r== I/cos&lg i-d-q\ (9)

5 Science Mission

l’hc pril[lary  purpose of a Mars Rover is to proviclc ac-
cess to scier]ce targets on the surface, such as rocks and
soil. Therefore, \ve attempt to treat the integration and
usc of science instruments as eclually important M enabliug
technologies like rnol)ility auci rnarlipulation. Initially, three
srif,tlce enal)liog  capabilities have been considered: spt?C-

ttoglal)hic  ~]ointing  nlcasorcrneut, scisrnonleter burial, and

close-uj) irtlagillg.

As desrl-ibcd in Section 2, Rocky  7 has arl C)cE#.lX OPll~s
IJoirlt s~)ectrorneter  (serlsitive froul 350-800 nm) which cau
t,e ail[(ed by its nlatii~,ulator,  as stio\vIl ili Figure 10.  Jye
havf, used this sl,ectrotucter  to measure and automatically
ltlatcl~ s;mctra  frolu a set of geologically interesting rock
ty[ms. ~~ig{lrc 11 shows the data fcm some of these tests.

Seisluotl,etcr  burial is desitable  to protide  good acoustic
c(ju~)li[~g  \vitll the ~~lanet, and to filter wind noise. I1roposed
]lti(rc)-scis]l )ort)etcrs  for hlars are llouscd irl  5 cuL d i a m e t e r
cyli[ldr  ical vessels, which can l~e grasped by the tongs on
Itock,y ?’s eucl-cffector  [3]. As illustrated by Figure 2(tJ),
I{[)cfiy 7’s lr~auipulator can dig a hole as dcei,  as 10 cm, in

G
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Figure 12: R o c k  distrihutiorl  map for Mars  nominal tcr-

rairt.

~vhicll  s u c h  a seismouleter  CZUI  be buriecl. I)evelop!l~cx~t  o f
algorlthtos  to perform these actions  1s in progress.

Finally, we have directly extended the navip,atioli irnagirl~
for scientific use. Close-up, foil resolutiorl  i[rlagcs, ~,iay Iw
ot~talued at cksiguated  way-p  oil~ts,  as well  as dorillg  o t h e r

operations such as digg, iug. We are also integrating a Iasf’r
that will shirie down the optical I)ath of thr spectrooietrr
aud illuul inate the surface before a spccttotlletc’r  readi us.

This  laser sl)ot call t}lcll b(, il,lagcd,  lJlovidillg a record Of
the exact Iocatiou  of a surface that was sIJ(,ctlcjgr/L1,liically
Illcasuredl giving  lnore coutext  to the data

G Outcloor  T e s t i ng

To test Rocky  7 iu a realistic enviroulncl~t,  we have I)uilt
the Marsl’ard,  a 15 x 25 Ilietcr outdoor test area that re~lli-
tatc.s the rock f[equcucy  distrit]utiol~  for thlcc telraiu  ty~ws
(atcg(orizwl by VikiiLg Missio]l data :  Maw noll]illalj Viki:ig
IJandct 1, Viklllg  LaudcI 2 [9]. h’iguw 12 shotvs the least
delise of these terraius, Mars l~oulil~al. F,ach grid cell is olw
ll~ete~ square, aud the icons r~,pr-ese[lt tt(f! locatiot~s of rocks

of sixes 0-7.5 CUI, 7.5-15 cLn, 15-30 CIII,  aIid 30-60 CII1.

As SIIOIVU  previously ill Figure 5, all iuitial tests Ivere
col](luctcd  ill t})is tcrrai[~ A typical test sceuario  il~volved
the acquisition  of’ set of lander images, specification by the
(Il]erator of a series of 5-10 ~vay-poiuts  with several spec-
t[()[l~f’ter  poiriting o~wtations interspersed. The  last spec-
trometer reading was typically follomd by a dig operation.
L’po)i returl~ to the lauder, the soil ww.s clumped, to demon-
strate  :i saulplc  returli sceuario. Fkturc tests \viIl extencl
this fuuctiouality  to Imwliuc  of sight traversals with roore
science operat iolks, as discussed earlie[.

7 S u m m a r y

‘J’his paper has proviclcd  au overvie\v of the newly developed
Rocky i’ hlars rover prototype. All aspects of the system

h:Lvc hceu  cliscuswc]:  ruechauical,  elcctriral,  colllputer,  soft-

ware, algorith~us, .scietlce  instruloetlts, and iuitial tests. Itre

ha\,e also described lLON  this systeru  demonstrates inlprove-
mcnts over its predecessors, aud prot,icies a viable  path to
fli~ht for uprolI]ing  ulissiol~s in tllc l~ext 10 years.
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